Abstract: The cyclic resistance of ProTaper Universal (size 25/08) and ProTaper Next (size 25/06) instruments was compared in artificial canals with different curvatures in this study. A total of 30 ProTaper Universal and 30 ProTaper Next instruments were divided into 6 groups (n = 10) and were operated into artificial canals with 3 different angles of curvature (45°, 60°, 90°). The canal length was kept consistent in this study. The number of cycles to fracture (NCF) was counted until file fracture occurred, at which point, the length of the fragment was measured. The data were analyzed statistically using ANOVA complemented by the Tukey test (p < 0.05). Cross sections of the fractured files were scanned by an electron microscope. In the fatigue test, the ProTaper Next displayed more resistance in 45° and 60° canals (p < 0.05), whereas ProTaper Universal exhibited a better operability in 90° canals (p < 0.05). The average length of the fragments from ProTaper Next was significantly shorter than that from ProTaper Universal in 90° canals (p < 0.05). The cross sections of the fractured surfaces became flatter when the curvature angles decreased from 90° to 45°. ProTaper Next was more reliable when shaping in curved canals, whereas ProTaper Universal was more sui for the preparation of root canals with severe curvatures.
Introduction
Files are the major instruments in root canal therapy. A perfect file should be flexible and have a high cutting efficiency, which can both prevent file fracture inside the canals and guarantee the initial shapes of the canals. Nickel-titanium (NiTi) instruments, which were first introduced by Walia et al., 1 have become popular in recent years because NiTi files display more flexible than steel ones. However, the fracture of NiTi files remains a challenge for clinicians.
The repeated cyclic fatigue caused by the instrumentation of curved canals may be the crucial factor in instrument fracture. The fracture of rotary NiTi files can be broadly classified into 2 types: torsional fatigue fracture and flexural (cyclic) fatigue fracture. Torsional fatigue usually occurs when the tip or some part of a file binds in the root canal but the shaft still rotates. Flexural fatigue is caused by repeated compressive and tensile forces accumulating around the maximally Declaration of Interests: The authors certify that they have no commercial or associative interest that represents a conflict of interest in connection with the manuscript.
curved point of files. When shaping a curved canal, a file is subjected to compressive stress on the inside of the shaft and to tensile stress along the outside of the shaft. Every portion of the rotated file suffers from continuous compressive and tensile stress. Microfissures and microfatigue are generated on the surface of files during this process. Thus, a sudden fracture can occur when stress accumulates around these regions. 2 No warning of fracture progress can be observed because the microfissure and microfatigue stays invisible, even to microscope analysis. 3 According to the work of Yared et al., 4 NiTi rotary instruments can be safely used in simulated tests up to 10 times. Knowing when to abandon a file is pragmatic for clinicians. Therefore, understanding the resistance of cyclic fatigue is meaningful for clinicians during the process of shaping curved canals.
Simulated testing has become the most popular way to explore the fatigue characteristics of files after the first device for testing cyclic fatigue resistance was introduced by Gambarini 5 and Gambarini et al. 6 Several authors have compared the influence of the curvature radius and the curvature angle on the number of cycles to fracture (NCF) by performing cyclic fatigue tests, 7, 8 but these designs were questionable because when the radius of curvature was kept constant, increasing the curvature angles could lead to the shortening of the arch length. Discrepancies in parameters such as the radius, angle of curvature and arch length contribute to the different levels of fatigue resistance of various files. In this study, arches with a standard length and different curvature angles were positioned at the end of each artificial canal to simulate the shape of a single root canal.
ProTaper Next, which was manufactured by M-Wire, was introduced recently. This system has an off-centered rectangular cross-section design. Files that are manufactured with the M-wire method showed more flexible and fatigue resistance than did conventionally manufactured files. 9 The design of the cross section enhances the resistance to stress and increases the efficiency of shaping due to its unique asymmetric rotary motion. 10 ProTaper Universal was manufactured conventionally with a triangle section. The improved designs should facilitate the cyclic fatigue resistance of the files, but no reports comparing the cyclic fatigue resistance between these types of files have been reported yet. Although the point of the maximum stress has been reported to be the midpoint of the curving shaft, the relationship between the breakage point on the file shaft and the curving angle has not yet been reported. Therefore, the aim of this study was to compare the fatigue resistance of ProTaper Next and ProTaper Universal in different curvature angles and to analyze the position change of the breakage points on the file shaft when the angle of the curved canal changes.
Methodology
ProTaper Universal (DentsplyMaillefer, Ballaigues, Switzerland) and ProTaper Next (DentsplyMaillefer, Ballaigues, Switzerland) were tested in this study. In this manuscript, PT Universal is short for ProTaper Universal, and PT Next is short for ProTaper Next. The instruments were divided as follows: PT F2 (25 mm in length, n = 30) and PTN X2 (25 mm in length, n = 30). An apparatus was designed for simulating different curved canals. The apparatus was similar to the one designed by Sterling J. Whipple, which included 3 cylinders and 3 matching jigs.
11 Each cylinder had 3 grooves (1.5 mm wide and 1 mm deep). The radii of the cylinders were 12 mm, 9 mm and 6 mm ( Figures 1, 2 and 3 ). The matching jigs had a vertical palate (10 mm length), and all were extended in arches with the same length (9.42 mm) but with different radii (12 mm, 9 mm and 6 mm), respectively. The angles of curvature of the 3 jigs were 45°, 60° and 90°, and the radii of the cylinders were 12 mm, 9 mm and 6 mm, respectively. The artificial canal was demarcated by the space surrounded by the jig and the slot in the cylinder. The 3 canals consisted of 3 slots on each cylinder and the matching jigs. The initial distance between the jig and the groove was 2 mm, and the artificial canals tapered to 1 mm at the end of the arch.
The position of the electronic handpiece (Smart plus, DensplyMaillefer Ballaigues, Switzerland) was controlled by an arm fixed to the apparatus. The handpiece could move up and down by splinting the screw.
In this study, we set up six groups as follows: PT Universal operated in the 45° canal (group A, n = 10), PT Universal operated in the 60° canal (group B, n = 10), PT Universal operated in the 90° canal (group C, n = 10), PT Next operated in the 45° canal (group D, n = 10), PT Next operated in the 60° canal (group E, n = 10) and PT Next operated in the 90° canal (group F, n = 10). The rotating speed was 250 rpm with a torque of 2 N.cm. The files rotated freely without friction with the aid of a special oil (WD-40, Milton Keynes, England) 12 , and air spray was used to avoid the accumulation of heat. 13 The working time was recorded with a digital stop watch (Omega, 1/100 s chronometer, Bienne, Switzerland) accurate to 0.01 second. The NCF was counted when the fracture occurred. The length of fragments was calculated by subtracting the rest length from the initial length. The cross sections of the fractured files were observed with an electron microscope (HITACHI 4800, HITACHI, Tokyo, Japan) to observe the features of the fracture.
Statistical analysis of the NCF and length of fragments were analyzed by an independent-sample T Test or 2-independent Samples Nonparametric Test according to the homogeneity or heterogeneity of variance, as calculated by a one-way analysis of variance (ANOVA). All data were analyzed by software (SPSS 19.0; Chicago, USA) and the significance was set at p < 0.05.
Results
PT Next exhibited better resistance to cyclic fatigue than PT Universal when operated in 45° and 60° canals, but PT Universal had a better operability in the 90° canal, as displayed in Table 1 . Similar to these products, the NCF of files from groups operated in the 45° canal ranked the first, and files operated in the 90° canal ranked third by a significant margin, although no significant difference was found between Groups B and C.
The length of the fractured fragments from PT Next was significantly shorter than that from PT Universal when operated in the 90° canal (Groups C and F). However, no significant difference was found between these groups when operated in the 45° and 60° canals. For the same file type, files operated in the 45° canal (Groups A and D) resulted in significantly longer fragments than did the files operated in the 60° canal (Groups B and E), respectively. No significant difference was found between the 60° canal (Groups B and E) and the 90° canal (Groups C and F). The results are displayed in Table 2 .
The cross sections of the fracture surface from Groups C and F are noted to be the most irregular, 
Discussion
File fracture is the main concern for clinicians during the process of root canal shaping.
14 Cyclic fatigue has been reported to be one of the major factors resulting in file fracture in curved canals.
15
The cyclic fatigue test has been reported to be a simple but reliable approach to reflect the fatigue behavior of the NiTi file. 16, 17 In the previous studies, ANOVA/Turkey's Test p = 0.000 p = 0.000 p = 0.000 Table 2 . Mean (± SD) of the fractured fragments of different groups (n = 10). the characteristics of the curved canals, which could influence the fatigue resistance for files, included the angle of curvature 18, 19, 20 and the radius. 7, 12, 18, 19, 20, 21 The angle of curvature (measured in degrees) is related to the length of the arc (measured in millimeters). Several authors have compared the influence of the radius length and the curvature angle on the NCF using cyclic fatigue tests. 12,21. However, this comparison is questionable because changing the radius also changes the arch length when the curvature angles are kept constant. As the radius length increases, the NCF values of an instrument subjected to cyclic fatigue will increase. Conversely, shorter arch lengths displayed lower NCF values as the radius became shorter. It is impossible to determine which parameter is preponderant, as the radius, the curvature angle and the arch length also influence the resistance of the file. 22 Thus, the length of the arch was controlled in this study to compare the influence of the curvature angle and the radius on the resistance to cyclic fatigue between the PT Universal and PT Next operated in different curvature angles and curvature radii.
The manufacturing process for Ni-Ti files can be different, and there are three phase transformations of Ni-Ti alloy during this process: Austenite, Martensite and R-phase. 23 PT Next was manufactured by M-Wire. The mechanical characteristics of the Ni-Ti alloys were reported to be extremely sensitive to the microstructures associated with their thermomechanical treatment history, and the M-Wire contained all 3 of the above crystalline phases.
24 M-Wire rendered the files more flexible and fatigue resistant than did the conventional Ni-Ti files that are in clinical use. 25 The results of this study were consistent with these reports when the files were operated in 45° and 60° canals. The Ni-Ti Files with M-Wire had higher Vickers hardness values compared with the conventional ones reported by Zinelis et al. 26 Thus, PT Next could be found to suffer from more comprehensive and tonsil stress when operated in curved canals. This stress increased as the angle of curvature increased.
The cross-sections of the PT Universal files were triangular, whereas the cross-sections of the PT Next files were off-centered and rectangular. The resulting asymmetric motion of the latter could increase the cutting efficiency of the PT Next, and the symmetric rotary motion might disperse the stress on the shaft of the PT Universal. Thus, increased stress levels led to PT Next fatigue, which caused PT Universal to be more fatigue resistant than PT Next in 90° canals.
The fracture of Ni-Ti files caused by fatigue usually occurs around the apical third of the canal, in the area with the highest curvature. Our results were consistent with this finding. The breaking point on the shaft moved coronally, and the angle of curvature increased. However, no significant difference was found between the PT Universal and PT Next files when operated in the 45° canals and 60° canals. When operated in the 90° canals, the PT Next files fractured at a lower position than did the PT Universal files.
The observations of the cross-sections scanned by the electron microscope displayed similar features between the types of files. The characteristic is consistent with the findings of previous studies. 27 When the surface of the cross-section of the fractured file was flat, the cracks tended to be generated in the same plane. We detected fewer microfissures generated around the highest curvature point of the file, which resulted in flat surfaces. It was observed that more microfissures occurred around the breakage point of the files operated in severely curved canals. However, these microfissures propagated from different planes. In other words, more microfissures were generated when the angle of curvature was increased, which subsequently increased the possibility of file fracture.
The major step for a simulated test is to provide the space for free file rotation. The inside and outside walls are both essential, as the file will suffer tensile and compressive stresses when shaping a curved canal. In this study, the benefit of our device was that the artificial canals consisted of four walls. However, the distance between the outside and inside walls was slightly wider than the diameter of the file to prevent the file from getting stuck in the artificial canals, which would not allow the file rotation to precisely fit. This design can present the file from getting stuck inside the artificial canals using oil lubrication. In this case, no torsional fatigue was noted in the files. This finding is different from the files extruded in the dentin in clinical work. At the same time, many other factors, including the rotation speed, the design of the artificial canals, and the temperature increase, will all influence the results. 16 
Conclusion
In conclusion, PT Next files tended to be more resistant than PT Universal files when operated in 45°and 60° canals, although this finding did not hold for operation in 90° canals. Considering that the majority of root canals are closer to being 45°or 60° artificial canals, PT Next files should have a more widespread use in clinical applications. According to the observed resistance of the PT Universal files when operated in the 90° canals, the PT Universal files can be used in canals with severe curvature.
